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Addendum to Final Report "Analysis of Results of ASTP Experiment in
Electrophoresis", NAS8-32124, July 1977,

The MA-011 electrophorvetic separation of human kidney cells prepared
by G. Barlow (Abbott Laboratories) was not analyzed using the theoretical
model described in this report, although the Work Statement of this project
stated that this analysis would be carried out. In the event, however,
this proved impossible. The kidney cell separation was carried out in
a covered channel so that the separation could not be photographed;
no flight films were available, as was the case for the human-rabbit-
horse fixed red blood cell mixture. Even so, the separation could be
predicted from the original electrophoretic mobility distribution and
compared with the number of cells found in each fraction obtained by
slicing the frozen specimen after return to earth. This also was not
possible, because the electrophoretic mobility distribution of the sample
submitted for separation was not measured beforehand, and the resul.s
for the sliced fractions were reported in terms of the number of viable
cells and their rate of urokinase production, instead of the total number
of cells. Therefore, there was no basis for calculation and no basis
for comparison of the calculated results.

To predict electrophoretic separations using the mathematical
model described in this report reauires the initial distribution of
electrophoretic mobilities of the sample, the dimensions of the elect-
rophoresis channel, and the conditions of the experiment.

i/
Lkimmoff

F.!J. Micale
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This report was prepared by Lehigh University under NASS8-32124 "Analysis
of Results of ASTP Experiment in Electrophoresis” for the George C. Marshall
Space Flight Center of the National Aeronautics and Space Administration,

Introduction

The Apollo=Soyuz Test Project (ASTP) carried out in July, 1975 included an
electrophoretic separation experiment of biological cells (MA-011). The nature
of these experiments was to determine if biological separations could be carried
out in space under microgravity conditions and with better resolution than ob-
tainable on earth, The experiments consisted of a series of static and isotacho
electrophoresis experiments in which mixtures of aldehyde-fixed red blood cells,
B and T lymphoeytes, and urokinase producing kidnev cells were separated. The
separation results of the oldehyde-fixed rabbit, human and horse red blood cells,
which were taken in the form of photographs taken at three-minute intervals in

columns 1 and 5, are the subject of this report,

Previously, static electrophoresis experiments had been carried out on
Apollo 14 with a mixture of colored dyes (1), and on Apollo 16 with a mixture of
two monodisperse polystyrene latexes (2,3), but the resolution of these experi-
ments was poor due to the electrocosmotic effect on the fluid velocity. With the
development of a suitable coating, the electroosmosis could be considerably
reduced, and the ASTP electrophoresis experiments would justify and provide
valuable information for further experiments to be carried out on the space

shuttle and future programs.

There are various advantages to performing such experiments in space
under microgravity conditions. The primary advantage is the elimination of the
thermal convection mixing due to Joule heating of the liquid. In a gravity environ-
ment this fluid mixing due to density gradients obviates any possible separation.

To perform a similar experiment on earth, a much lower voltage would be required



resulting in less Joule heating, but also a much slower separation and longer
separation time, leading to further problems. As the separation time increases,
diffusion due to Brownian motion increases, thus decreasing the resolution. A
second advantage is the elimination of particle sedimentation c'ue to a density
differential between the suspending fluid and the particles. If the particles settle
the bands will become distorted decreasing the resolution. Therefore, these two
advantag s lead to a much improved separation resolution than is possible on
earth, The obvious disadvantages are cost, scheduling limitations, and only

small quantities may be sent and returned.

Experimental

The development of a low electroosmotic mokility coating greatly improved
the resolution of the electrophoretic separations. A complete description of the
coating development and theory may be found in previous work (4,5), so only a
brief discussion will follow. The coating for glass channels consisted of a precoat
of Dow Corning Z6040, Y-glycidoxypropyltrimethoxysilane, which bound the methyl-
cellulose to the glass surface. The surface was then repeatedly washed or rinsed
to remove unbound methylcellulose. Such a coating generally reduced the value of
electroosmosis from values of ~4.00 to =0, 20 pm em/volt sec. This reduction in
electroosmosis results in sample migration by bands rather than elongated cones
which can't be resolved. Therefore, this coating played a significant role in im-

proving the results and resolution for the ASTP electrophoresis experiments,

Many species of fixed red blood cells were considered as candidates for the
space experiment. Among these were chicken, dog, horse, human, turkey, covs, pig
and rabbit red blood cells fixed with both formaldehyde and gluteraldehyde solutions.
The species finally chosen to give the broadest range of electrophoretic mnbilities
and the best chance of separating were horse, human, and rabbit fixed red blood
cells. Mobility distributions were determined by microcapillary electrophoresis

-2-



techniques and are shown for the three candidate species in Figure 1, Measure-
ments were done by both Dr. Robert Knox of the University of Oregon (6) and
ourselves and are displayed on the graph in two forms. The data of Dr, Knox is
represented in bar graph form and represents 160 measurements per each cell
species with the area under each curve proportional to the relative concentrations
of the space samples. Our data is presented in a smoothed form and represents
150 measurements per ecach cell species. The measurements were performed in
the A-1 buffer formulated for these experiments and agree well with respect to

average mobility and range for each cell type,

The basic procedure for the electrophoresis experiments entailed the prepara-
tion of the columne and sample slides on earth, Each column was thoroughly
cleaned then coated with the Z6040-MC coating and rinsed for three days, after
which they were separately sealed in plastic bags and stored for travel into space.
The red blood cells were aldehyde fixed and measured for electrophoretic mobility.
A mixture of 32, 8% rabbit, 21,67 human, and 45, 6% horse cells with a total con-
centration of 2, 52 x 107 red blood cells per slide was prepared by freezing the
cells in a small disc shape, 0,478 ¢m in diameter by 0. 312 em thick. These
sample discs were then placed in a freezer for storage until time for the experi-
ment. All electrophoresis experiments were done in duplicate on two separate
days. Columns preloided with A-1 buffer were placed in the apparatus,

A sample disc was removed and inserted into one end of the column and allowed

to thaw and the current turned on. The samples were allowed to electrophoresis

for about 60 minutes with photographs taken every 3 minutes to record data. After
60 minutes the current was turned off and the freezing cycle begun. The frozen
columns were then removed and placed in storage for return to earth for further
analysis. Postflight analysis consisted of removing the frozen core from each
column and slicing it into 5 mm. slices which were analyzed for red blood cell count

and mobility.

Two problems occurred which marred the experiment and collection of impor-

tant data. First, column 5 probably developed an air hubble which migrated to
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the far electrode cansing the voltage to saturate. For this reason, the voltage
was turned off temporarily and restarted but migration did not proceed down the
entire column and some swirling was observed, The second problem occurred
in the postflight slicing of column 1. Upon reme 1l of the core, it broke and
only very large slices were able to be made, which reduced the amount of infor-
mation obtainable. As luck would have it, this was the column that performed
well in space which should have provided the best information. Therefore, only
a fraction of the data was obtained, from which conclusions could be drawn as to
the degree of success. Further information and analysis was extracted from the

photog raphe which will be covered in detail later in this report.

Theoretical Computer Modeling

A large amount of effort was expended in developing a theoretical computer
model of a static electrophoresis column (4,7). With such a model manv parameters
can be varied very easily to determine the specific effect of each one, and this in-
formation can then lead to a better design or choice of operating conditions by which
the resolution can be maximized. Also, before an experiment is performed, the
model can be used to predict separations, or afterwards to compare results o
theory. Therefore, the development of such a model is very useful as an r nalytical

tool in studying static electrophoresis,

The model which has been used is rather simple in that it only accounts for
effects on a macroscopic scale, ignoring particle interactions, diffusion, relaxa-
tion effects, and electric field distortion effects on individual particles. Of prime
interest is the displacement and distortion of each particle band and the relative
particle concentration along the column axis. This information is best expressed

with the equation:
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where d - displacement distance (um)
Ue = electrophoretic mobility (um em/volt sec)
U°'= electroosmotic mobility (um em/volt see)

= radial distance (ecm)

n

channel radius (em)

n

r
a
E = applied potential gradient (volts/em)

t = time (sec)

€ - dielectric constant of suspending fluid - f (T)

N = viscosity of suspending fluid - f (T)

The subscripts 1, 2, and 3 refer to temperatures at the wall, at a distance r, and
at the center respectively, while 298 refers to the reference temperature in degrees
Kelvin at which the electrophoretic and elect 'oosmotic mobilities were measured,
Equation 1 describes the displacement of a discrete clement as a function of radial
position in the channel. It also shows that the radial dependence can be reduced

but not eliminated if the electroosmotic mobility is reduced to zero since the second

term then becomes zero and the first term is a function of r through € 9 and 2 9°

Equation 1 may be used to define the band shape and particle conceniration for
each species as a function of time, First, a least squares algorithm is used to fit
a smoothed curve of up to a fifth order polynomial through u set of points from the
bar graph mobility distribution of each particle species. These computed mobility
distributions are shown in Figure 2 where the area under the curves is proportional
to the actual concentration of cells. Next, the initial sample disc is divided up into
a series of small finite elements, and Equation 1 is applied to each element as a
function of radial position. Each element is assumed to have the same mobility dis-
tribution which is used to determine the spread and concentration profile for each
element. Then the contribution from each element is summed up to determine the
total concentration profile for each species and the band as a whole. With a computer,
this summing process can be done very quickly and accurately for a large number of

elements so as to allow a very high degree of confidence in the results. This is
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essentially how the comj uterized model was constructed so as to allow determina-
tion of band displacement, shape, and coucentration for species exhibiting a broad
mobility distribution. It could also be used to determine where each mobility
fraction from a bar graph should be found, A listing of the actual program may be
found in Appendix A,

With the help of this program, it was then possible to compare the theoretical
resolution for a number of experimental conditions using the mobility distribution
and relative concentration of the fixed red blood cells used for the space experi-
ment where the location of the cells, from left to right, are aiways raobit, Luman
and horse. Figures 3 through 6 show the predicted separations and the effects of
four important parameters on the resolution. In each figure, one parameter is
compared at three values maintaining all other conditions constant, and the separa-
tion time is 60 mi=tes. The central figure in each case corresponds most closely
to the actual e .. :i..ental conditions used on ASTP and is, therefore, the same in
all ‘our figures. Figure 3 shows the effect of electroosmosis, UOB. on resolution
for values of =0,40, =0, 20 and 0, CO um em/volt sec. It is readily apparent that
this parameter can have a profound effect on the resolution, with best results ex-
pected for values as close to zero as possible, It should be noted that even for a
valve of 0.00 pm em/volt sec, there is still some curvature to the band boundaries
ana this results from the 2° C temperature gradiznt predicted from Joule heating in
the channel. Temperature is important because both dielectrie constant and viscosity
are functions of temperature and affect electrophoretic and electroosmotic mobility.
Figure 4 shows the effect when this temperature gradient, AT, is the variable, The
three cases correspond to gradients of 10°C, 2°C and =6°C from channel center to
channel wall. Obviously if it were possible to maintain the center at a cooler tem=-
perature than the walls, then conditions would be improved, but such a condition
is physically impossible for this system where Jovle heating predominates, Figure
5 shows the effect of decreasing the ratio of sample plug radius to the channel radius,

R, for values of 1,00, 0,75, and 0,50, Smaller values of this ratio can _.mprove the
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resolution especially if Uus is high, but at a cost of less sample volume which
might be more important. Another factor effecting the volume is the initial sample
plug thickness, @, and this effect is shown in Figure 6, This parameter, for values
of 0.5, 0,3 and 0,1 em, is found to have unly a small effect on the resolution, but
this is because the migration distance is large in relation to €, making it negligible,
For cases with a large migration distance, R could be reduced and © increased to
maintain the desired volume but with improved resolution. It should be noted that
even under optimum conditions, these particles could not be completely resolved
into separate fractions because the mobility distributions overlap; however, they

could be resolved according to their mobilitics,

Photographic Analysis

As mentioned before, photographs were taken at 3 minute intervals, providing
a pictorial account of the progress of the experiments, These photographs were
able to provide valuable information as to the success of the low electroosmotic

coating, validity of the theory and the results of the separation.

Initially, only the second generation film was available for observation and,
therefore, only information on the apparent band boundaries could be extracted by
visual examination. Figures 7 and 8 show the discernible boundaries and displace=
ments versus time for the two columns containing fixed red blood cells. Of course,
the exaciness of these measurements depends entirely on the phetographic quality
and the judgement of the ohserver, but they are representative of the separaticn
that took place. Figure 7 shows the resu'ts from Column #1, in which two bands
were clearly discernible as the experiment progressed. At first, only one band
of a lighter and darker region followed by another lighter region was visible.

Then, at about 25 minutes into the experiment, the leading lighter region appeared
to separate from the main portion as a separate band with apparently few fixed
red blood cells in between, At about 42 minutes, the darker and lighter regions

of the second band were no longer discernible, This data shows that the migration

=13-



-b[u

10

Distance (cm.)

0 ! 1 1 1 1 L
0 10 20 30 40 50 60
Time (min.)
Figure 7. Band displacements as a function of time in Column 1.



of the band boundaries with respect to time proceeded at a linear rate which is as
expected, and the rate corresponds to the mobility values that were determined
for the fixed red blood cells and the electroosmosis with an applied gradient of
10. 6 volts/em. Also, the sharp planar boundaries attest to the low value of
electroosmosis due to the methyleellulose coating, However, it seemed dis-
tressing that very few blood cells could be detected in the region between the two
bands when the mobility distributions of the three species clearly overlapped, It
could be possible that the concentration was low enough that it would not appear

on the second generation film.

Figure 8 shows the results from Column #5 which incurred technical problems
when an air bubble resulting from a leak migrated to the far electrode and probably
caused the voltage to saturate, Some information may still be obtained from the
two regions in which the migration proceeded normally. As in Column #1, there
was a lighter and darker region as the bands emerged from the column end. Also
the migration rate of the bands seemed (o be very close to that in Column #1,

confirming those results,

In an effort to compare these photographic results to the theoretical concen-
tration, the computer was supplied with the best known values for all the parameters
and allowed to compute the expected concentration profile which was divided up into
four concentration regions, These results are shown in Figure 9 along with the
experimental band appearances for Column #1, The experimental and theoretical
concentrations are shown every six minutes versus migration distance. What this
shows is that the fixed red blood cells should have been obzerved over a much larger
portion of the column and in between the two bands. However, the agreement is
acceptable, assuming that the concentration of cells was not sufficient to show up on
the second generation film. There does seem to be some disagreement between ex-
perimental and theoretical in the displacement of the second band. This could be
explained if there was some clumping of the cells due to the freezing and thawing

process on such a high concentration of fixed red blood cells.
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More recently, micro-densitometer scans of the first generation film, which
shows much more detail, have been provided by NASA., The scans were taken by
measuring the optical density of the separation column while traversing from one
end of the column to the other end with a very small orifice in the direction of the
traverse, Figure 10 shows two graphs obtained by this technique, Figure 10A shows
a reprodaction of scans obtained from frame 1 and frame 10, in which frame 1 is used
as a base line with no cells yet present in the column, It ghould be noted that the two
traces agree quite closely with only a small deviation in the background at distance
greater thau 8 em. This is because the cells in frame 10, or 30 minutes into the
separation, have not yet proceeded beyond this distance, The large deflection at
about 7.5 c¢m is from the thermocouple present in the column at that position for
monitoring temperature. Figure 10B shows two curves, one of the subtracted dif-
ference between the micro-densitometer scans corresponding to the left hand axis
and the second of the computed cell concentration as evaluated from the theoretical
model corresponding to the right hand axis. The theoretical model for these com-
putations assumes an applied potential gradient of 10, 6 volt/sec and an of =0.2 ym
em/volt see. Both the micro-densitometer and theoretical curves are generated by

the computer and the areas under each curve equated for comparison.

Figures 11 through 15 show the results at six minute intervals or every second
frame from 4 through 22, The theoretical results indicate the presence of two peaks
as early as twelve minutes into the separation whereas the micro-densitometer results
show the initiation of two peaks in frame 8 or 24 minutes into the separation. The
breaking up of the band into two bands by visual observation of the flight film, Figure
9, occurs after 30 minutes of separation, frame 10, The micro~-densitometer results,
however, show that although the advancing peak increases in definition, it does not
split off from the main band, Figures 12 through 15. Furthermore, while the position
of the band, as it proceeds through the separation, agrees extremely well with the
theoretical prediction, the magnitude and position of the second peak does not agree
with theory, This discrepancy in band shape can be attributed to a number of reasons,
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DISTANCE (Cit)

Micro-densitometer scan and computed displacement,
A. Frame 12, 36 ninutes separation;
B. Frame 14, 42 minutes separation.
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including photographic quality, the complex function between light density and
cell concentration and type, and last of all the possibility of elumping by the
cells. Although the specifie effect of these considerations cannot be determined,
the agreement between the micro=deasitometer results and the theoretical pre-
dictions seems quite reasonable and would support both the theoretical model and

the assigned experimental parameters,

Conclusions

The electrophoretic separation of a mixture of three species of fixed red blood
cells in space was successful in that fractionation according to mobility did occur
and was found in the sliced sampies although technical problems occurred in the
operation of column 1 which was the subject of this analysis. Photographic evidence
indicates that the low electroosmotic methyleellulose coating was successful in
reducing the electroosmosis to a near zero value. Also the flight film shows that
the bands migrated down the column as theory would predict, producing two bands
of high cell concentration separated and surrounded by regions of lower cell concen-
tration. However, most likely some clumping of the cells occurred to cause the

trailing band to be larger than expected from theory.

The theorciical computer model gave good agreement w#*h the experimental
results, and was useful in defining the effect of the various experimental parameters.
The best reselution-ean be obtained by reducing Uos to near zero with as small a
temperature gradient between channel center and wall as possible. The effect of Uos
can be minimized by reducing the ratio of the sample plug radius to the channel radius
but at the expense of sample volume. This can be compensated with little loss in
resolution by increasing the sample plug thickness as long as this is negligible in
relation to the total separation distance.

Overall, the experiment was a success in demonstrating a static electrophoresis

separation under microgravity conditions with a resolution not possible on earth.
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LOADQ MAF

WA NF THE
THE LCAD

LHAsL IF

- PHORESE
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e23G2Av AND BLCCK ASSIGNFENTS,
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2226
110395
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11526
18235
19353
18462
156043
1657717
16020
1ECL2
16121
16220
16524
1E567
17334
2CLu51
20561
2Cnl2
20621
20742
21034
22531
227417
sLTLY
2E217
gt3L3
21349
27624

CP SECONDS

111
274586
LENGTH FILE
265
f
5
e2
192
14714
6ENT LGO
5
LET LGO
3LG7 LGO
156
77 LGO
164 LGO
136 LGO
31 LGO
12 SL=PUN2P3
§7 SL-EUNZP]
77 SL=PUNZP3
204 SL=RPUN2P3
L3 SL-FUN2P3
L%  SL=RUN2PJ
11165 SL=fUNZ2P3
7" SL=%UN2P3
L1 SL=2UN2P3
17 SL=2UN2P3
121 SL=RUN2P3
72 SL=PUN2P3
1475 SL-"UN2P3
186 SL=2UN2P3
2197 SL=RUN2P3
1309 SL=RUNZ2P3
62 SL=PUN2P3
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DATE
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07r721777
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Qzraszirt
aNrr2y/r?
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Qu/iB/75
Guw/18/75
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017038775
312108775
0L/08/75
01/728/75
J1703/75
041/C8B/7H
Q1/0RA/76
gr/z02/ 78
03/31/177
oQusr22/177
QL/z18/7175
aur22/77
Q7702776

CYRER LOADER 1.1=b

PROCSSR VER
RUN F EB
RUN F ER
RUN F EB
2N F EB
uN F €9
AUN  F EN
RUN F EB

coMPass 3.
CI*PASS 3.
CI“PASS 3.

RUN 2 o3
COMPASS 3.
RUN 2 .3

corPASS 3.
CIMPASS 3.
CaMPASS 3
CAMPASS 3.
CIMPASS 3.

COMPASS

CAMPASS 3.
COMPASS 3.

COMPASS

COMPLSS 3.
WH 2 .3
CIMPASS 3.
COMPASS 3.

15098 CM STOR2AGE USED

LEVEL

74 0

Te €
T4 B

7 B

TLW 8

u 8

T 0

TW224
TL224
74224
75073
7Te22b
75072
e=LE
2=L{E
2=LOE
2=L0¢E
2=-L1E
2=4L0E
2=LiE
2=4L10
3=-424
r-u3c
763771
I=L39

2=-uicl

HAR

ELsn

ELn
‘.') la?
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LEAD TRAIL PEAK AREA SHAPE ORDER

PARTICLE 9. 1 1.90C 1.200 1,600 71.900 RANIOM 5

PARTICLE NO. 2 2.20C 1,450 190 W7.400 RANDOM 5

PARTICLE MND. 3 2.750 1.300 2.600 100.020 RANOCH 5
PCIZNTTAL GRADIENT = 10.6VOLTS/CM

UCS = -,20MIC2CN CH/VOLT SEC

THETA = L 31CM
SAMOLE RANIUS =.750

WALL TEMDZIRATURF = 308.00000EGREES K
CENRTZ? TEMPZOATYURE = 310,0C000EGREES K
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1CstS oo, .02 CP SECONDS COMTILATIONM
10.!05-“'30..{-'{.:.
10.45,C7, 11204 PLOTTE® FUNCTICN UNITS USED

104K, L3.2¥]T

10s46.C3,02 QT3C1792 WCRPS = FILE PLOT + DC 30

10.46,C03,0° 920203520 WOGRDS = FILE CUTPUT 4, DC 40

10.46.CT.5YSTEM SECCUDNS USEN BY THIS J0B = 8.1

10, 66,03, Z<ECUTTION COST OF THIS JC3, NOT INCL I/0 COST, IS ¢ 1.13
10,L6.,03,0URENT AUTHOR IZATIOM BALANCE 1S ¢ 430,9%

10,46.C3.%2, OF NON=STANDARD (DISK) CIC CALLS = 12

10,46.C3,"19, OF SYSTEM REQUFSTS = 226

10e4Hs 03, 2¥IMUM  GLNCO CM WORDS LSEC.

10,L6,0%,0P 20,29 SEC.

10.66,03,7° 3.095 SEC,

1046k 037N «9LS SEC,

snEENE 10,047,537, CPTICLR 700798 LINES PRINTER /// €N OF LIST 7/7

sREREE 15,47,57, OPTICWR 00798 LINFES PPINTED /// EMD OF LIST ///
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